The essential base excision repair protein, apurinic/apyrimidinic endonuclease 1 (APE1), plays an important role in redox regulation in cells and is currently targeted for development of cancer therapeutics. One compound that binds APE1 directly is (E)-3-(2-(5,6-dimethoxy-3-methyl-1,4-benzoquinonyl))-2-nonyl propenoic acid (E3330). Here, we revisit the mechanism by which this negatively charged compound interacts with APE1 and inhibits its redox activity. At high concentrations (mM), E3330 interacts with two regions in the endonuclease active site of APE1, as mapped by hydrogen/deuterium exchange mass spectrometry. However, this interaction lowers the melting temperature of APE1 consistent with a loss of structure in APE1, as measured by both differential scanning fluorimetry and circular dichroism. These results are consistent with other findings that concentrations of E3330 greater than 100 μM are required to inhibit APE1's endonuclease activity. To determine the role of E3330's negatively charged carboxylate in redox inhibition, we converted the carboxylate to an amide by synthesizing (E)-2-((4,5-dimethoxy-2-methyl-3,6-dioxocyclohexa-1,4-dien-1-yl)methylene)-N-methoxy-undecanamide (E3330-amide), a novel uncharged derivative. E3330-amide has no effect on the melting temperature of APE1, suggesting that it does not interact with the fully-folded protein. However, E3330-amide inhibits APE1's redox activity in in vitro EMSA redox and cell-based transactivation assays producing lower IC50 values as compared to E3330, 8.5 μM vs. 20 μM and 7 μM vs. 55 μM, respectively. Thus, E3330's negatively charged carboxylate is not required for redox inhibition. Collectively, our results provide additional support for a mechanism of redox inhibition involving interaction of E3330 or E3330-amide with partially unfolded APE1.
regulation of APE1 in cancer cells is associated with resistance to chemotherapeutic agents (3) (4) (5) while loss of APE1 expression results in cell-growth arrest, apoptosis (6) , and impairment of mitochondrial function (7, 8) . Thus, APE1 is emerging as a potential cancer therapeutic target (9, 10) . Activities reported for APE1 include endonuclease activity essential for base excision repair (11) , redox activity that regulates the DNA-binding activity of a number of important transcription factors (12) , transcriptional repressor activity through indirect binding to Ca 2+ responsive elements (13) , and most recently cleavage of RNA containing abasic sites (14) . Transcription factors that are regulated by APE1's redox activity include AP-1, NF-κB, Erg-1, HIF-1α, p53, PAX, and others (12, (15) (16) (17) (18) (19) (20) (21) . Currently, efforts to develop novel cancer therapeutics target either the endonuclease (repair) or the redox function of APE1 (10, 22) .
APE1 was first reported as the redox factor responsible for reducing cellular Jun (c-Jun), thereby increasing its affinity for DNA (12) . Subsequently, many other transcription factors were shown to be redox regulated by APE1 (12, (15) (16) (17) (18) (19) (20) (21) . Three cysteine residues, 65, 93, and 99, in APE1 are necessary and sufficient for redox activity (23) . Of these residues, 65 and 93 are buried, whereas 99 is solvent accessible. Further regulation of APE1's activity under conditions of oxidative stress occurs through glutathionylation of C99, which inhibits both DNA-binding and endonuclease activity (24) . Oxidation of APE1 also results in a specific disulfide bond formation cascade, implicating C65 as the nucleophilic Cys (23) . This result is consistent with earlier results in which C65 was shown to play an important role in APE1's redox activity (25) . Through analysis of single cysteine-to-alanine substitutions in APE1 for each of the seven cysteines, C65A was identified as the only redox-inactive substitution (25) . Redox activity associated with APE1 is found only in mammals; zebrafish APE contains five of the seven cysteine residues present in the human enzyme in structurally equivalent positions but still lacks redox activity. However, substitution of threonine 58, the zebrafish residue equivalent to C65, with cysteine confers redox activity in both in vitro and cell-based redox assays (26) . More recently, APE1's redox function and specifically C65 has been implicated in mediating localization of APE1 to the mitochondria and controlling cell proliferation (27) .
Other approaches to provide mechanistic details concerning APE1's redox activity used a redox inhibitor (E)-3-(2-(5,6-dimethoxy-3-methyl-1,4-benzoquinonyl))-2-nonyl propenoic acid (E3330). E3330 was first reported to bind APE1 with a K d of 1.6 × 10 −9 M (28), which later studies find to be far too small (29, 30) . As the redox activity of APE1 represents a unique target, E3330 has been evaluated for its potential as a chemotherapeutic agent, making the nature of E3330's interaction with APE1 of considerable interest and the subject of two recent biophysical studies.
In one of those studies examining the binding of APE1 and E3330, we reported that E3330 interacts with a partially unfolded form of APE1, as monitored by NEM footprinting and mass spectrometry (29) . Incubating APE1 in the absence of E3330, we found NEM modification of the two solvent-accessible Cys residues, C99 and C138. Over 24 h at room temperature, barely detectable labeling of buried Cys residues was observed. However, in the presence of E3330, 60% of the enzyme had all seven Cys residues labeled with NEM in the same time frame. This result suggests that E3330 interacts with a partially unfolded state of APE1 long enough for the reaction of Cys and NEM to occur. Other evidence of APE1 unfolding that is essential for function includes the finding that localization of APE1 to mitochondria involves exposure of the C-terminal region 289-318, which serves as the mitochondrial targeting sequence (31) . This exposure would necessarily involve unfolding of the protein structure as it forms an integral part of the protein structure.
In another recent study, NMR was used to define interactions of E3330 with APE1. In this study, several residues in proximity to the repair active site of the enzyme showed backbone perturbations consistent with an interaction of E3330 and APE1, specifically at G231, M270, M271, N272, A273, V278, W280, and D308. However, the K d reported for this interaction, 390 μM at room temperature, indicates the binding affinity is very weak. A mechanism for redox inhibition was then proposed in which E3330 binds specifically to the repair active site of APE1, preventing a conformational change of the protein required for its redox activity (30) . This is a surprising conclusion given that high concentrations of E3330 are required to inhibit the enzyme's endonuclease activity, even as determined by this group who found that significant inhibition was observed at 100 μM but did not report an IC50 (30) whereas much lower concentrations are required to inhibit APE1's redox activity. Thus, this study (30) concluded that E3330 acts as a redox inhibitor by binding to the repair active site, thereby stabilizing APE1's structure and preventing it from unfolding. In this scenario, there is no proposed role for E3330's quinone group, known to be critical for redox inhibition. We concluded that E3330 shifts the equilibrium between folded and unfolded states of APE1 toward unfolded states and inhibits the redox activity through direct interaction with the critical redox residue Cys 65 exposed in a partially unfolded state of the protein leading to its inactivation by disulfide bond formation (29) .
In an effort to resolve the disagreement, we pursued additional experimental approaches to determine the nature of the E3330's interaction with APE1 and report here new insights on the inhibition mechanism. Key questions that we sought to answer were the following. Does E3330 bind specifically to a single site within the repair active site of APE1? Does the interaction of E3330 with APE1 stabilize its structure and thereby prevent a conformational change required for its redox activity? And finally, is the negatively charged carboxylate group of E3330 required for redox inhibition?
Experimental Procedures Preparation of APE1 proteins
Full-length human APE1 (APE1) was expressed and purified as previously described (29) . In brief, the protein was expressed as an N-terminal hexa-His SUMO fusion protein.
Following lysis using a French press, the crude extract was bound to a Ni-NTA column, and APE1 was released by cleavage with the SUMO-specific Ulp1 protease. The protein was then subjected to SP-Sepharose ion exchange and gel filtration (Superdex 75) chromatographic purification steps.
Hydrogen/Deuterium Exchange Mass Spectrometry
Differential, solution phase HDX experiments were performed to detect conformational changes of full length APE1 induced by E3330 binding as previously described (32) . A solution of 25 μM full-length APE1 was incubated with 16 mM E3330 for at least 1 h on ice before HDX analysis. Each exchange reaction was initiated by incubating 2 μL of 25 μM protein complex (with or without E3330) with 18 μL of D 2 O protein buffer for a predetermined time (10, 30, 60 , 120, 900, 3600, and 14400 s) at 4 °C. The final protein concentration was 2.5 μM, and the E3330 concentration was 1.6 mM after D 2 O dilution. These conditions resulted in 80% of the protein forming a complex, accepting that the K d is 390 μM, as measured by NMR (30) . The exchange reaction was quenched by mixing with 30 μL of 3 M urea, 1% TFA at 1 °C. The mixture was passed across a custom-packed pepsin column (2 mm × 2 cm) at 200 μL/min, and the digested peptides were captured on a 2 mm × 10 mm C 8 trap column (Agilent) and desalted (total time for digestion and desalting was 3 min). Peptides were then separated across a 1.0 mm × 50 mm C 18 column (1.9 μ Hypersil Gold, Thermo Scientific) with a linear gradient of 4%-40% CH 3 CN, 0.1% formic acid, over 5 min. Protein digestion and peptide separation were conducted on columns immersed in an ice-water bath to reduce D/H back exchange. Mass spectrometric analyses were carried out at a capillary temperature at 225 °C, and data were acquired at a measured mass resolving power of 100,000 at m/z 400. Duplicates were performed for each on-exchange time point.
Peptide Identification and HDX Data Processing
MS/MS experiments were performed with a LTQ Orbitrap mass spectrometer (ThermoFisher). Production spectra were acquired in a data-dependent mode, and the six most abundant ions were selected for the product ion analysis. The MS/MS *.raw data files were converted to *.mgf files and then submitted to Mascot (Matrix Science, London, UK) for peptide identification. Peptides included in the peptide set used for HDX had a MASCOT score of 20 or greater. The MS/MS MASCOT search was also performed against a decoy (reverse) sequence, and ambiguous identifications were ruled out. The production spectra of all of the peptide ions from the MASCOT search were further manually inspected, and only those verifiable were used in the coverage.
Differential scanning fluorimetry (DSF)
DSF assays were performed using a Roche Light Cycler 480 with an excitation wavelength of 483 nm and emission of 568 nm. Reactions were carried out in 100 mM HEPES pH 7.0, 150 mM NaCl, and 4x SYPRO orange (Invitrogen Cat # S6651)/0.08% DMSO. Each reaction contained a final protein concentration of 2 μM. E3330 was dissolved in DMSO or absolute ethanol to give final solvent concentrations of 2%, not including DMSO from the SYPRO dye. Titrations of APE1 with E3330 (10 μM-1 mM) or E3330-amide (16 μM-4 mM) were performed in the presence and absence of 1 mM MgCl 2 . Titrations of APE1 with Mg 2+ alone were performed by using a concentration range of 10 μM -10 mM MgCl 2 . SYPRO orange was added after a 15 min incubation with all other reagents. Reactions were subsequently covered prior to taking measurements.
Circular Dichroism
Far-UV CD spectra were recorded on a Jasco J-810 spectropolarimeter (JASCO Corp) in a 225-260 nm interval. Experiments were performed employing a protein concentration of 5.0 μM in 10 mM phosphate buffer at pH 7.0 in the absence and in the presence of E3330 at 500 μM (1% DMSO), using a 0.1 cm path-length cuvette. Thermal denaturation profiles were obtained by measuring the temperature dependence of the signal at 230 nm in the 20-80 °C range with a resolution of 0.5 °C and 1.0 nm bandwidth. Peltier temperature controller was used to set up the temperature of the sample; the heating rate was 1°C/min. Data were collected at 0.2 nm resolution, 20 nm/minute scan speed, 4 sec response and were reported as unfolded fraction vs. temperature.
Synthesis of E3330 and E3330-amide
Both E3330 and E3330-amide were synthesized by the University of Michigan Vahlteich Medicinal Chemistry Core Facility (Dr. Hollis Showalter). E3330 was synthesized as previously described (33) . The synthesis of E3330-amide is described below (see Scheme 1).
General Chemical Methods
1 H NMR spectra were recorded on a Bruker 500 MHz spectrometer. Chemical shifts are reported in δ (parts per million, ppm), by reference to the hydrogen residues of deuterated solvent as the internal standard (CDCl 3 : δ = 7.28 ppm; CD 3 OD: δ = 3.31). Signals were described as s, d, t, and m, for singlet, doublet, triplet, and multiplet, respectively. Coupling constants (J) are given in Hertz (Hz). Mass spectra for compound characterization were recorded on a Micromass LCT time-of-flight instrument utilizing the electrospray ionization mode. Reactions were monitored by thin-layer chromatography (TLC) using pre-coated silica gel 60 F254 plates. Chromatography was performed using bulk silica gel F60, 43-60 μm. Reagents and monomers were purchased from common vendors and were used without purification. Glassware was oven-dried before use for reactions run under anhydrous conditions.
(E)-2-((4,5-dimethoxy-2-methyl-3,6-dioxocyclohexa-1,4-dien-1-yl)methylene)-N-methoxyundecanamide (E3330-amide)
Benzotriazol-1-yl-oxytripyrrolidinophosphonium hexafluorophosphate (2.48 g, 4.76 mmol) was added to a stirred solution of (E)-2-((4,5-dimethoxy-2-methyl-3,6-dioxocyclohexa-1,4-dien-1-yl)methylene)undecanoic acid ( 
Electrophoretic mobility shift assays (EMSA)
E3330 or E3330-amide was pre-incubated with 2 μL purified APE1 (reduced with 1.0 mM DTT for 10 min and then diluted to a concentration of 0.06 mM with 0.2 mM DTT in PBS) in an EMSA reaction buffer 10 mM Tris [pH 7.5], 50 mM NaCl, 1 mM MgCl 2 , 1 mM EDTA, 5% [vol/vol] glycerol) with a total volume of 16 μL for 30 min. The EMSA assay was performed as previously described (23, 33) .
Transactivation Assays
Panc1 cells (3) with pGreenFire-NFκB gene (luciferase gene with the NFκB-responsive promoter) stably inserted were treated with increasing amounts of E3330 or E3330-amide and activity assayed at 40 h. The cells were lysed, and the Firefly luciferase activities were assayed as previously described (33) . The luciferase activity was normalized to the total cell number measured by MTT assay. All of the experiments were performed in triplicate and repeated at least three times in independent experiments.
Cell Survival/Growth Assays
dye assay for cell growth was performed as previously published (34, 35) .
Oligonucleotide gel-based APE1 endonuclease activity assays
Oligonucleotide gel-based APE1 endonuclease activity assays were performed as previously described with the following modifications (36, 37) . Purified APE1 was incubated with increasing amounts; of E3330 in a total volume of 9 μL assay buffer (5 mM HEPES, 5 mM KCI, 1 mM MgCI 2 , 0.1% BSA, 0.005% Triton X-100, pH 7.5) at room temperature for 30 min, 1 h or 2 h. One microliter 0.2 pmol 5′-hexachloro-fluorescein phosphoramidite (HEX)-labeled terahydrofuranyl (THF) oligo (the 26 bp oligonucleotide substrate containing a single THF reside in the middle, yielding a HEX-labeled 14-mer fragment (upon repair), was added into the mixture and incubated for 15 min at 37 °C. The reactions were terminated by adding 10 μL formamide. Samples (10 μL) were then applied to a 20% polyacrylamide gel containing 7 M urea in 1X-TBE buffer at 300 volts for 30 min. The amount of 14-mer to 26-mer products detected were quantitated by using the Hitachi FMBio II Fluorescence Imaging System (Hitachi Genetic Systems, South San Francisco, CA) (36, 37) .
Fluorescence-based kinetic endonuclease activity assays
The compounds E3330 and E3330-amide were tested with an assay for their ability to inhibit APE1 repair function in a plate-based, high-throughput screening (HTS) assay as previously described (38) . A pair of oligonucleotides (Eurogentec Ltd, Belgium), one containing a 6-FAM fluorescein label on its 5′ end and the second containing a 3′ Dabcyl quencher and an internal tetrahydrofuran (THF) as an abasic (AP) site mimic, with complementary bases was annealed as described previously (38) . Cleavage at the THF site resulted in release of a 6-FAM-labeled oligonucleotide, which now fluoresced. The increased rate of fluorescence was directly correlated to the amount of APE1 repair activity. Inhibition resulted in a decrease in the rate of fluorescence over time. The assay was performed on an Ultra384 plate reader (Tecan, Durham, North Carolina) in the Chemical Genomics Core Facility at the Indiana University School of Medicine (Indianapolis, Indiana) in a 96-well plate for 3 cycles of 1 min each at 37 °C. A master mix of HTS buffer (50 mM Tris-HCl, pH 8, 50 mM NaCl, 1 mM MgCl 2 and 2 mM DTT), water and annealed oligonucleotide (50 nM final concentration) was made, and 100 μL added to each well. A pre-test was performed using 100 μL of the master mix, 50 μL of water and 50 μL of purified human APE1 protein at various concentrations to test for a linear rate of reaction (data not shown). E3330 and E3330-amide were then diluted 20X to the final concentration desired. All dilutions had the vehicle control, DMSO, in equal amounts (0.1% final). Then 10 μL of the 20X compounds were plated with the master mix in triplicate along with 40 μL water. APE1 (50 μL of 0.04 nM) was added to the wells, and the solution immediately assayed. The rate of reaction for each well was normalized to DMSO-only controls and plotted as percent inhibition versus time.
Results

Identification of E3330-interacting regions on APE1 by HDX and MS
In light of the reported low binding (K d of 390 μM)(30), we performed an HDX analysis with full-length APE1 by using 1.6 mM E3330. This condition should result in approximately 80% complex formation, and indeed we do find detectable differences in the HDX patterns for an experiment done at 4 °C. HDX probes perturbations in the backbone of the protein, quite analogous to the changes monitored by NMR. The backbone perturbations are accompanied by changes in H bonding caused by changes in protein dynamics. The interactions of small molecules such as E3330 with APE1 change the dynamics and allow the interaction sites to be determined. Peptide coverage for the experiment was greater than 90% allowing us to fully assess the folded state of the protein and the effect of added E3330, as is discussed in the following paragraph.
The dynamics of full-length APE1 in the absence of E3330 is in agreement with reported crystal structures (39, 40) (Figure 1 ): the less structured and exposed regions exhibit relatively fast exchange with deuterium, whereas structured and buried regions of the protein exchange slowly. The most rapidly exchanging regions are represented by peptides 266-271 and 267-273 in which greater than 70% of the backbone amide hydrogens exchanged with deuterium within 10 s (Figure 1 , SI Figure S1 ). This region is a highly exposed loop on the surface of the protein near the repair active site. On the other hand, regions within the hydrophobic core (63-72, 83-93, 183-191, 208-216, and 285-297) are highly protected from exchange, and they underwent less than 10% exchange even after 1 h of incubation. One region of intermediate exchange contains residues 93-134. These residues make up the terminal strand and half of each of the next two strands on the end of one beta sheet that comprises half of APE1's beta sandwich fold along with an intervening alpha-helical element. This region also includes two of the three Cys residues, 93 and 99, that are critical for APE1's redox activity.
The peptides for which changes in deuterium uptake were observed in the presence of E3330 include 68-74 (seen for both the singly and doubly charged peptides), 266-271, and 267-273 representing two distinct regions in the protein (Figure 2 , SI Figure S1 ). For all of these observed peptides, the largest differences in deuterium uptake were observed for the 10 s time point and persisted for at most 10 min. The samples treated with E3330 showed decreased deuterium uptake for a few peptides as compared to the control sample indicative of protection from exchange. The peptides 266-271 and 267-273 include several of the residues identified in the NMR study (M270, M271, N272, and A273) as interacting with E3330. Thus, our results confirm some of the interaction of E3330 as identified in the NMR study. However, the second peptide identified in our HDX studies (68-74) was not identified as a region of interaction by NMR.
We also have HDX results when E3330 was incubated with an N-terminally truncated version of APE1 (Δ40 APE1) at a decreased concentration of 25 μM (See Supporting Information). Now we estimate approximately 8% complex formation, considering the equilibrium expression. We might expect that the same peptides, 68-74, 270-284, and 272-284, should show differences in HDX at the lower, 25 μM E3330 concentration, but the changes would be smaller because complex formation is attenuated by a factor of 10 times. We are still able to detect changes over the same regions of the protein as those identified for the experiment at higher (1.6 mM) E3330 concentration (SI Figure S2 ). This demonstrates that HDX is sufficiently sensitive to report on a small amount (<10%) of complex formation although admittedly this would be difficult to assign in the absence of the results for the 1.6 mM E3330 experiment in which 80% complex formation is predicted. A second finding from this experiment was that the N-terminal region of APE1 does not affect the interactions of E3330 with APE1.
Effect of E3330 on the melting temperature of APE1
To further assess the binding interaction of APE1 with E3330, differential scanning fluorimetry (DSF) and circular dichroism assays were performed. The DSF assay relies on the fluorescence of SYPRO orange to report on the folded state of the protein as the temperature is increased (41) . The melting temperature of full-length APE1 as measured in this assay was 52 °C. First, we examined the effect of the catalytically important Mg 2+ on the melting temperature of APE1. Titration with Mg 2+ increased the melting temperature by 4.3 °C maximally at a concentration of 5 mM with higher concentrations resulting in more modest increases similar to those obtained for much lower concentrations of Mg 2+ (SI Figure S3) . Surprisingly, titration of APE1 with E3330 decreased the melting temperature in a concentration dependent manner. E3330 was added to a maximum concentration of 1 mM dissolved in either 2% ethanol (data not shown), as used in the NMR study (30) , or in 2% DMSO as used in our previous studies and in the HDX study discussed above. In both cases, the melting temperature of APE1 decreased by 5 °C for the 1 mM E3330 sample (Figure 3 ). The same experiment was repeated in the presence of 1 mM Mg 2+ , which increases the melting temperature by about 3 °C, with similar results. Although the starting T m was higher for E3330 and Mg 2+ , the melting temperature when 1 mM E3330 was added decreased by 4.4 °C (Figure 3 ).
To confirm the results obtained using DSF, we employed circular dichroism to determine the melting temperature of full-length APE1 in the presence and absence of E3330. In reasonable agreement with the DSF experiments, the melting temperature of APE1 was 46°C ( Figure 4A ). As noted in the Experimental Procedures, the CD experiments were performed in 10 mM phosphate buffer, pH 7.0 to diminish absorbance contributions from organic buffers. Due to interference in the CD spectrum by DMSO, the solvent used to solubilize E3330, it was not possible to carry out this experiment at concentrations of E3330 above 0.5 mM. Nevertheless, using a concentration of 0.5 mM E3330, the melting temperature of APE1 decreased by 2 °C (Figure 4B ). The decrease in melting temperature obtained by DSF was also 2 °C for addition of 0.5 mM E3330. Therefore, the results obtained by both DSF and CD methods are entirely consistent.
Thus rather than stabilizing the structure of APE1 as previously suggested (30), addition of E3330 results in destabilization or loss of structure as indicated by the lowered melting temperature. We proposed earlier that the binding of E3330 stabilizes a partially unfolded form of APE1, not its low-energy fully-folded structure, and the results thus far are consistent with this hypothesis. That is, both NMR and HDX by MS show that an interaction occurs, and melting point depression shows that the interaction is destabilizing.
Inhibition of APE1's redox activity by E3330 and E3330-amide
We previously demonstrated that E3330 blocked the redox signaling function of APE1 with AP-1, HIF-1α, NF-κB and other downstream transcription factors as the targets in vitro and in vivo (26, 29, 33, 35, 42) . However, we had not established in these studies whether the negatively charged carboxylate of E3330 was required for redox inhibition. Thus, we synthesized a methoxy amide derivative of E3330, (E)-2-((4,5-dimethoxy-2-methyl-3,6-dioxocyclohexa-1,4-dien-1-yl)methylene)-N-methoxy-undecanamide, which we refer to as E3330-amide (Scheme 1). The methoxy amide potentially affords improved solubility as compared to the comparable methyl amide or unsubstituted amide derivative. We then compared the ability of E3330 and E3330-amide, an uncharged derivative of E3330 (Scheme 1), to inhibit the redox activity of APE1 by using a standard EMSA redox assay. In this assay, oxidized c-Jun must be reduced by APE1, resulting in reduced c-Jun that binds DNA and yields a shifted band by EMSA analysis. As demonstrated in Figure 5A , E3330-amide inhibited AP-1-enhanced DNA binding by APE1 in a dose-dependent manner similar to that observed for E3330 albeit with a lower IC50 of 8.5 μM compared to 20 μM for E3330. Subsequent analyses in the cell-based NF-κB luciferase reporter assay performed in Panc1 cells treated with E3330 or E3330-amide resulted in a significant decrease in NF-κB activity. Similar to AP-1, NF-κB is also a target of APE1 redox signaling. In this redox transactivation analysis, E3330 had a higher IC50 (55 μM) than E3330-amide (IC50 of 7 μM) ( Figure 5B ). These results indicate that E3330-amide is an effective redox inhibitor of APE1, as revealed by using both an in vitro EMSA redox assay and a cell-based redox target transactivation assay. Previous studies have demonstrated that APE1 plays an important role in cell growth and survival through two main functions: DNA repair AP endonuclease activity and redox signaling function (1, 2, 10, 26, 27, 29, 33, 43-50) . Inhibition of the redox activity of APE1 by E3330 also prevented tumor cell growth as a cytostatic agent (35, 48, 49) . Not surprisingly, E3330-amide also blocked the growth of ovarian cancer cell line SKOV-3X ( Figure 5C ). The effect was more pronounced with an LD50 of 54 μM compared to E3330, LD50 of 104 μM, in these studies. Thus, E3330-amide has cell-killing capabilities in cancer cells, similar to if not better than E3330.
Effect of E3330 and E3330-amide on APE1 AP endonuclease activity
We and others have demonstrated that E3330 blocks the redox function of APE1 but does not inhibit the apurinic/apyrimidinic (AP) endonuclease activity of APE1 at concentrations lower than 100 μM (23, 29, 33, 35) . To determine whether E3330-amide inhibits the endonuclease function of APE1, we used two different assays: a gel-based and a highthroughput screening (HTS) plate-based assay (38, 51) . The previously reported analyses were performed by using concentrations of E3330 that inhibited the redox function of APE1 at time points less than 30 minutes. To confirm these previous findings and to ascertain the effect of E3330-amide on APE1 endonuclease activity, we tested inhibition at longer times and higher concentrations. In the gel-based assay ( Figure 6A ), E3330 did not show any inhibition of APE1 repair activity when reacted with APE1 from 30 min up to 2 h below concentrations of 160 μM. Similarly, in a HTS assay, neither E3330 nor E3330-amide had a significant effect on APE1 repair activity up to 100 μM ( Figure 6B, C) ; APE1 retained at least 85% activity
Effect of E3330-amide on the melting temperature of APE1
We performed DSF assays using the uncharged derivative E3330-amide to determine whether the negatively charged carboxylate moiety is required for interaction with APE1 in its folded state. In contrast to E3330, no concentration dependent change in melting temperature was observed for E3330-amide ( Figure 7A) in the presence or absence of 1 mM Mg 2+ . Observed differences in melting temperature were 1 ºC or less for different concentrations of E3330-amide. Thus, E3330-amide does not appear to interact with APE1 in its folded state and yet it is a more effective redox inhibitor than E3330
Discussion
Results presented here provide new insights on the mechanism by which E3330 interacts with and inhibits the redox activity of APE1. By using HDX mass spectrometry, we identified two sites of interaction for E3330 that are proximal to the repair active site ( Figure  2B ). Although these data are consistent with an interaction of E3330 and the repair active site of APE1, the fact that there is no evidence for E3330-amide interacting with the repair active site of APE1 suggests a role for the negatively charged carboxylate in the interaction. There are a number of positively charged residues lining the DNA-binding site of APE1, including R177 and R73, both of which are solvent exposed and would provide favorable electrostatic interactions ( Figure 2B ) with E3330 localizing it to the regions observed in the HDX experiment to be E3330-interacting. This lack of singular specificity is in accord with the relatively large K d of 390 μM (30).
The effect of E3330 interacting with APE1 is to lower its melting temperature as measured by DSF and CD. These results suggest that E3330 destabilizes APE1's structure rather than stabilizing it. Previously, we proposed that even at room temperature APE1 can adopt a partially unfolded state. This idea is supported by APE1's relatively low melting temperature determined by both DSF and CD (46 °C) in the present studies. We further proposed that the partially unfolded state of APE1 is stabilized through interaction with E3330. In this partially unfolded state, APE1 is susceptible to reaction with NEM, resulting in labeling of all seven of its Cys residues (29) . In the absence of E3330, only the two solvent-accessible Cys residues are labeled with NEM (29) . Thus, the results presented here strengthen the conclusion from our previous studies (29) . Inclusion of Mg 2+ increases the melting temperature of APE1consistent with stabilization of the structure. However, addition of E3330 even in the presence of Mg 2+ results in a decrease in the melting temperature suggesting that there is no stabilization of APE1's structure through interaction of the carboxylate group of E3330 and Mg 2+ , as might have been expected if the compound binds as modeled in the repair active site pocket (30) . Our results do not support the proposal that E3330 acts as a redox inhibitor by binding specifically to the repair active site of APE1 and preventing the enzyme from adopting an alternate conformation (30) . We further note that inhibition of APE1's endonuclease activity by E3330 at relatively high concentrations is consistent with destabilization of APE1's structure observed by DSF and CD at similarly high concentrations.
The next question is whether the carboxylate of E3330 is required for inhibition of APE1's redox activity. E3330-amide was found to be a more effective redox inhibitor than E3330 in in vitro redox, cell-based transactivation, and cell-killing assays. Thus, the carboxylate of E3330 is not essential for redox inhibition. In contrast to E3330, E3330-amide does not affect the melting temperature of APE1 suggesting that it does not interact directly with folded APE1. Given that it is a more effective redox inhibitor, we envision the following scenario. Similar to E3330, E3330-amide likely interacts with the redox active form of APE1, which has been proposed to be a locally unfolded state of the protein (29) . However, because it lacks the negatively charged carboxylate, E3330-amide has much lower affinity than E3330 for the positively charged repair active site of the fully folded enzyme.
In conclusion, what emerges from this study and previous work is that E3330 is an effective redox inhibitor but is a poor endonuclease inhibitor with in vitro concentrations of greater than 100 μM required for inhibition. E3330 contrasts with a large number of negatively charged endonuclease inhibitors with IC50 values in the 0.1-10 micromolar range (38, (51) (52) (53) (54) and would not have been identified in an experimental screen as an endonuclease inhibitor as most screens are performed using small molecules at a concentration of 10-20 μM. However, at high concentrations, E3330 does interact with the repair active site, albeit without complete specificity, and with low affinity that depends on its negatively charged carboxylate group. We suggest that the properties that make E3330 and its amide derivative effective redox inhibitors are its quinone group, important for inhibiting the redox reaction (35, 42) , and its hydrophobic character, allowing it to interact with APE1 in a partially unfolded state (29) .
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. HDX exchange data mapped on the structure of APE1 is consistent with a fully-folded protein. A. The percentage of deuterium uptake for peptides derived from APE1 at different time points are color coded on a ribbon rendering of the crystal structure of human APE1 (PDB:1BIX). The color code explained at the bottom indicates the deuterium uptake level with red indicative of regions that exchange very rapidly and dark blue regions that exchange very slowly. For the most rapidly exchanging peptides, 266-271 and 267-273, greater than 70% of the backbone amide hydrogens exchanged with deuterium within 10 s. This region was also identified as interacting with E3330. Inhibition of APE1's redox activity by E3330 and E3330-amide. A. Redox EMSA assay. E3330 or its derivative E3330-amide was incubated with 2 μl purified APE1 (reduced with 1.0 mM DTT for 10 min and then diluted to a concentration of 0.06 mM with 0.2 mM DTT in PBS) in EMSA reaction buffer with a total volume 16 μL for 30 min and then the EMSA assay was performed. Final concentrations of APE1 and DTT were 0.006 mM and 0.02 mM, respectively. Controls included reactions with unreduced APE1 and with 0.02 mM DTT, which is carried over in the reduced APE1 samples. E3330-amide inhibited AP-1 DNAbinding enhanced by APE1 in dose-dependent manner as did E3330 albeit at a lower IC50 of 8.5 μM vs 20 μM of E3330. B. Transactivation assay. E3330 or E3330-amide was added to the Panc-1 stable cells with pGreenFire-NF-κB gene. After 40 h treatment, NF-κB stimulated luciferase activity was measured along with a MTT assay to measure cell number. The ratio of luciferase activity over MTT activity was determined as a measure of NF-κB activity. Data are expressed as the mean ± SEM of three independent experiments performed in duplicate and are shown as a percentage of transactivation compared with control of no E3330 or E3330-amide. E3330-amide had a greater effect on NF-κB transactivation with an IC50 of 7 μM compared to an IC50 of 55 μM for E3330. C. Effect of E3330 and E3330-amide on cell growth/ survival in an ovarian cancer cell line. The MTT assay was used to measure the effect of E3330 and E3330-amide on cell growth and survival. Data are expressed as the mean ± SEM of three independent experiments Inhibition of APE1's endonuclease activity by E3330 and E3330-amide. A. Oligonucleotide gel-based APE1 endonuclease activity assays. Oligonucleotide gel-based APE1 endonuclease activity assays were performed as described in Experimental Procedures. The upper band (26-mer) represents uncleaved AP oligonucleotide, whereas the lower band (14-mer) is the cleaved oligonucleotide. No inhibition of APE1's endonuclease activity was observed for concentrations of E3330 less than 160 μM. B. and C. HTS assay for the inhibition of APE1 endonuclease DNA repair activity. When tested for APE1 DNA repair inhibition, the addition of up to 100 μM E3330 (B) or E3330-amide (C) did not result in a decrease in the reaction rate; an indicator of the lack of inhibition. Synthetic scheme for conversion of E3330 to E3330-amide, (E)-2-((4,5-dimethoxy-2-methyl-3,6-dioxocyclohexa-1,4-dien-1-yl)methylene)-N-methoxy-undecanamide.
